In a Regional Climate Model (RCM) the interactions between the land surface and the atmosphere are described by a Soil-Vegetation-Atmosphere-Transfer Model (SVAT). In the presented study two SVATs of different complexity (TERRA-ML and VEG3D) are coupled to the RCM COSMO-CLM (CCLM) to investigate the impact of different representations of soil-vegetation-atmosphere interactions on the West African Monsoon (WAM) system. In contrast to TERRA-ML, VEG3D comprises a more detailed description of the land-atmosphere coupling by including a vegetation layer in its structural design, changing the treatment of radiation and turbulent fluxes. With these two different model systems (CCLM-TERRA-ML and CCLM-VEG3D) climate simulations are performed for West Africa and analyzed. The study reveals that the simulated spatial distribution of rainfall in the Sahel region is substantially affected by the chosen SVAT. Compared to CCLM-TERRA-ML, the application of CCLM-VEG3D results in higher near surface temperatures in the Sahel region during the rainy season. This implies a southward expansion of the Saharian heat-low. Consequently, the mean position of the African Easterly Jet (AEJ) is also shifted to the south, leading to a southward displacement of tracks for Mesoscale Convective Systems (MCS), developing in connection with the AEJ. As a result, less precipitation is produced in the Sahel region, increasing the agreement with observations. These analyses indicate that soil-vegetation-atmosphere interactions impact the West African Monsoon system and highlight the benefit of using a more complex SVAT to simulate its dynamics.
Introduction
The effects of anthropogenic climate change will continue to alter the human living conditions all over the world. This is in particular true for regions like the West African Sahel, in which the economical, political and social development strongly depends on agriculture. In this area the livelihood and the food security is closely connected to the yearly arrival of the West African Monsoon (WAM) (Benson and Clay, 1998) . Thus, a decrease in the annual rainfall amount, as observed during the Sahel drought in the last century (Nicholson, 2013) , can have extensive social-economic effects (Mortimore, 1989) . To reduce the negative impact of such events in future, reliable information about the near future climate conditions are essential to plan and take appropriate adaptation measures. Therefore, a better understanding of the WAM dynamics and its mechanisms is required.
In this context the soil and vegetation characteristics influence the climate conditions by affecting the radiation budget of the surface and controlling the exchange of latent and sensible heat between the ground and the atmosphere. Results from Koster et al. (2004) showed that these characteristics play a crucial role for the climatic conditions in the West African Sahel. In particular they affect the formation of convective rainfall events in the Sahel region (Adler et al., 2011; Gantner and Kalthoff, 2010) , where the spatial distribution of soil moisture and plant cover is very heterogeneous. In regions with wet soils the latent heat fluxes are increased in comparison to dry soil areas (Philippon and Fontaine, 2002) . In consequence, the Convective Available Potential Energy (CAPE) rises within the planetary boundary layer (Schär et al., 1999) , and the frequency and the intensity of convective rainfall events are enhanced (Pal and Eltahir, 2001) . Furthermore, the albedo of such wet soils is decreased, resulting in a higher absorption of short-wave radiation (Philippon and Fontaine, 2002) and thus in a stronger heating of the soil. This, in turn, raises the sensible heat fluxes and again a higher CAPE is reached. Additionally, different plant types and coverage can have similar effects on the conditions within the boundary layer, by revealing deviating transpiration rates, due to variant root depths (Teuling et al., 2006) , for instance.
In the Sahel, convective rainfall, developing in Mesoscale Convective Systems (MCS), contributes substantially to the yearly amount of precipitation (Lebel et al., 2003) . The development of MCS is strongly coupled to the African Easterly Jet (AEJ) (Reed et al., 1977) .
The AEJ is built by the large temperature gradient between the warm air above the African continent in the north and the cooler air masses above the tropical Atlantic ocean in the south between April and November (Nicholson and Grist, 2003) . The Jet develops at the boundary of these two air masses at about 15°N in 600-700 hPa, with its strongest phase in June. During this time the average wind speed in the core region is about 12 m/s (Nicholson and Grist, 2003) . Because of instabilities within the Jet, 'African Easterly Waves' (AEW) develop. In the troughs of these waves the monsoon flow transports humid air from south-west into the Sahel, increasing the CAPE in the lower atmosphere (Taylor et al., 2005) . Because of the overlying AEJ and its strong easterly winds, high vertical wind shear can be observed (Holton and Hakim, 2013) , favouring the formation of MCS. These MCS subsequently travel along with the mean AEJ stream from east to west over the Sahel region. Lare and Nicholson (1994) showed that the interactions between soil, vegetation and atmosphere influence the characteristics of the AEJ. They analysed a transect of measuring stations and showed that the amount of latent heat fluxes affects the temperature gradient between the warm continent and the cooler ocean and thus the intensity of the AEJ. This paper will further investigate the impacts of soil-vegetation-atmosphere interactions on the characteristics of the AEJ and thus the MCS formation. Additionally, the question is answered whether a more complex representation of these interactions within a RCM improves the simulation of the WAM and in consequence of the sahelian rainfall. For that purpose, regional climate simulations with the RCM COSMO-CLM (CCLM) (Rockel et al., 2008) are performed, using the two different Soil-Vegetation-AtmosphereTransfer Models TERRA-ML (Schrodin and Heise, 2002) and VEG3D (Braun and Schädler, 2005) . The coupling of VEG3D to CCLM was done via the OASIS3-MCT coupling software . TERRA-ML is the standard SVAT of CCLM, implemented as a subroutine. The model setup and short descriptions of the models used, and the simulations performed, are given in Section 2. Afterwards, in Section 3, the influence of the soil-vegetation-atmosphere interactions on the spatial rainfall variability in the Sahel is demonstrated in detail for a representative example. In Section 4 the relevance of these interactions on the WAM is evaluated on a decadal timescale, and the added value of using VEG3D compared to the usage of TERRA-ML is presented. Finally, conclusions are drawn in Section 5. (Wicker and Skamarock, 2002) . The prognostic variables are: horizontal and vertical wind components, temperature, pressure perturbation, specific humidity, cloud water and cloud ice content and the specific water content of rain and snow.
Within CCLM a set of physical parameterizations is included to describe sub-grid processes. This comprises the radiative transfer scheme by Ritter and Geylen (1992) and the Tiedtke parameterization of convection (Tiedtke, 1989) . Turbulence is parameterized according to Raschendorfer (2001) , using a level 2.5 closure for Turbulent Kinetic Energy (TKE) as prognostic variable (Mellor and Yamada, 1982) . Cloud microphysics are represented by a reduced version of the onemoment scheme of Seifert and Beheng (2001) . A detailed description of CCLM and its dynamics, physics and numerics can be found in Doms et al. (2011) . For the study described in this paper a model setup was used, which was developed and evaluated within the framework of the Coordinated Regional Climate Downscaling Experiment for Africa (CORDEX Africa, ).
SVAT
Within a RCM the interactions between soil, vegetation and atmosphere are simulated in a SVAT. The SVAT calculates the impact of the atmospheric input (wind, temperature, pressure, incoming short-and longwave radiation, and precipitation) on the soil and surface conditions. Equations describing the transport of heat and water from the surface to the deep soil and vice versa are solved numerically. Based on the resulting soil conditions, sensible and latent heat fluxes between the surface and the atmosphere are calculated. These fluxes are needed as lower boundary conditions in the RCM.
TERRA-ML
TERRA-ML (Schrodin and Heise, 2002) is the standard SVAT implemented in CCLM. To calculate the vertical distribution of temperature within the soil, TERRA-ML solves the heat conduction equation by using finite differences. In this study, the soil column is discretized into ten non equidistant levels with the bottom of the deepest layer at 15.34 m. In this layer a prescribed climatological temperature is used as lower boundary condition. The soil heat flux, derived from the energy balance at the surface, defines the upper boundary condition. The soil water content in each layer is calculated by solving the Richards equation. In the deepest layer of the model gravitational drainage takes place, while precipitation, dew and rime constitute the water input through the soil surface. Rainfall on vegetation is collected in an interception reservoir, snowfall in an additional snow layer. Evapotranspiration is computed based on the BATS model according to Dickinson (1984) .
VEG3D
VEG3D is an additional SVAT that can be used in connection with CCLM, replacing TERRA-ML. It was developed by Schädler (1990) at the Karlsruhe Institute of Technology (KIT), based on a model designed by Deardorff (1978) . Further developments were performed by Lenz (1996) , Grabe (2002) , Braun (2005) and Meissner (2008) . The SVAT was evaluated in several studies, e.g. by Braun and Schädler (2005) and Kohler et al. (2012) .
Similar to TERRA-ML, VEG3D solves the heat conduction equation and the Richards equation by using finite-difference-methods, applying the same soil layer structure down to a depth of 15.34 m. The boundary conditions for VEG3D are also calculated by the atmospheric part of CCLM. However, both SVATs differ in the representation of the soil-vegetation-atmosphere interaction. In the following section these differences are summarized.
Differences between TERRA-ML and VEG3D Parameterization of soil processes
In order to solve the Richards equation the hydraulic conductivity of an unsaturated soil needs to be parameterized. For this purpose, an approach of Rijtema (1969) is used within TERRA-ML, whereas in VEG3D the parameterization of Van Genuchten (1980) is applied. The models differ also with respect to the dependency of the heat conductivity on soil water content. In VEG3D the heat conductivity is influenced by the presence of water, this is not the case for the TERRA-ML version used in this study. VEG3D uses an approach of Johansen (1977) to derive the heat conductivity depending on soil water content and soiltype while within TERRA-ML a constant value is used for each soiltype. A more recent version of TERRA-ML takes into account also this dependency. Its impact on the simulation results is discussed in Section 5.
Radiation fluxes
The main difference in the structural design of both SVATs is constituted in the existence of an explicit vegetation layer, which is taken into account in VEG3D, but not in TERRA-ML. This vegetation layer is designed as one homogeneous and massless big leaf, located between the lowest atmospheric level and the surface. Wherever vegetation appears, incoming short-wave radiation is reflected and absorbed by the vegetation layer, and long-wave radiation is emitted back to the atmosphere and down to the soil, depending on the temperature within the vegetation layer. Thus, the radiation fluxes are calculated for both vegetated and nonvegetaded areas. In TERRA-ML the complete radiation budget is simulated without considering shading effects due to vegetation.
Turbulent fluxes
In case of vegetation, the exchange of sensible and latent heat between the surface and the atmosphere is regulated by the vegetation layer implemented in VEG3D. This layer has its own canopy temperature and specific humidity, calculated iteratively from the canopy energy balance. Based on these values the vertical turbulent mixing is parameterized according to the gradients between the surface, the canopy and the lowest atmospheric level, using the Monin-Obuchov similarity theory (Stull, 2012) . This theory is also used in TERRA-ML in connection to the TKE-based turbulent mixing scheme (Raschendorfer, 2001 ) to calculate the turbulent fluxes. But in contrast to VEG3D, TERRA-ML does not distinguish between vegetated and non-vegetated areas. A summary of the characteristics of both SVATs is listed in Table 1 .
OASIS3-MCT
The coupling between CCLM and VEG3D is organized via the OASIS3-MCT software, developed by the 'Centre Européen de Recherche et de Formation Avancée en Calcul Scientifique' (CERFACS) in Toulouse, France . OASIS is a software that is widely used in the climate modeling community to couple models representing different parts of the climate system with each other like atmosphere-, ocean-and soilvegetation-models (Valcke, 2013) .
In the current OASIS3-MCT version, the OASIS coupler is combined with the Model Coupling Toolkit (MCT), developed by the Argonne National Laboratory, USA (Larson et al., 2005) . OASIS3-MCT works as a library that is linked to CCLM and VEG3D. The coupling interface of VEG3D is part of the unified OASIS interface in CCLM (Will et al., submitted) . The main task of the coupler is to exchange and, if necessary, interpolate the fields between CCLM and VEG3D to establish a coupled system . The communication between the coupled models is managed via the Message Passing Interface (MPI) library.
Simulations performed
For this study CCLM simulations using both SVATs (CCLM-TERRA-ML and CCLM-VEG3D) are performed for two different time periods. In a first experiment a sensitivity analysis is executed and evaluated for one selected year. To get a representative image of the processes within the West African monsoon system, the selected year needs to be one of average monsoon dynamics, and consequently exhibit average precipitation amounts. Figure 1 shows the anomalies in yearly precipitation in the Central Sahel region with respect to the 1950-2001 mean for the gridded datasets of the University of Delaware (UDEL) (Willmott and Matsuura, 1998) and the Climatic Research Unit (CRU) (University of East Anglia, Mitchell and Jones (2005)). The region Central Sahel (CS) (Figure 2 ) is adapted to a climatological region defined by Nicholson and Palao (1993) . In 1979 the deviation to the longterm mean is minimal in both observational datasets and this year is considered representative for the last 50 years. Thus, it is selected as simulation year for the sensitivity analysis. Based on the results of the one year simulations, the impact of the soil-vegetation-atmosphere interactions on the West African Monsoon system is analysed and presented in Section 3. Afterwards, the relevance of major processes being identified is validated on a longer time scale in a second experiment. In this context, CCLM simulations applying both SVATs are performed for the decade 2001-2010. The model domain used in the experiments expands from 60.28°West to 60.28°East and from 45.32°South to 45.32°North (Figure 2) . The horizontal grid spacing is 0.44°, thus the model domain comprises 275 grid points from West to East and 207 gridpoints from South to North. In the vertical the atmosphere is discretized in 35 levels, with the uppermost layer at 30 km height above sea level. A time step of 240 seconds is used for the numerical solution of the prognostic equations in CCLM as well as for the coupling between CCLM and VEG3D. The simulations are driven by ERA-Interim Reanalysis (Dee et al., 2011) at the lateral boundaries and at the lower boundary over sea. To achieve balanced soil temperatures and water contents for the initialization of the different simulations, a transient CCLM run using TERRA-ML (1960 , had been performed. This transient run was driven by ERA40 (Uppala et al., 2005) for the period 1960-1979, and ERA-Interim for the period 1979-2010. To ensure comparability, the CCLM simulations coupled to VEG3D, were also ini- tialized with these initial conditions. For both SVATs, land use classes were derived from the GLC2000 dataset (Bartholome and Belward, 2005) , and soiltypes from the ECOCLIMAP-2 dataset (Kaptue Tchuente et al., 2010).
To evaluate the simulation results a set of observational data is available for West Africa. The available ground observations and satellite products last over different time periods and all exhibit a certain degree of uncertainty . In the framework of this study, taking into account the above mentioned transient CCLM run, a long time span is simulated. Therefore, the observations used for evaluation have to cover the same long time period. The gridded datasets of UDEL, CRU, and the Global Precipitation Climatology Centre (Rudolf et al., 2010 ) meet this criterion . In general, all three datesets agree very well with each other (Zhang et al., 2012) , although each dataset has its own characteristics as shown in Figure 1 for the UDEL and the CRU data. In Parker et al. (2012) , UDEL in its 0.5°grid spacing and monthly temporal resolution is recommended. Because of that and for the sake of clarity, in the following only UDEL is used in this study.
Results of the sensitivity study
In a first step, the impact of the soil-vegetation-atmosphere interactions and their representation in two different SVATs on the WAM were investigated. Two ERAInterim driven simulations with CCLM were performed for the year 1979. One, named CCLM-TERRA-ML, used CCLM's standard SVAT TERRA-ML, for the second one, named CCLM-VEG3D, VEG3D had been coupled to CCLM. Figure 3 shows the annual cycle of the simulated monthly and spatially averaged 2 m temperatures (a) and precipitation sums (b) for the Central Sahel in comparison to UDEL. The diagrams show that for both variables, temperature and precipitation, the simulated annual cycle differ substantially. Especially in the middle of the year (June-October), the 2 m temperatures of the CCLM-VEG3D simulation (red curve) are remarkably higher than in the CCLM-TERRA-ML simulation (blue curve) and match the observations (black curve) much better. Also the general wet bias in the simulated monthly precipitation sums is considerably reduced in the CCLM-VEG3D run.
These differences in the simulation results must be caused by the use of the different SVATs, because all other boundary conditions were identical in both simulations. As described in Section 2.2.3, the representation of the soil-vegetation-atmosphere interaction is quite different between TERRA-ML and VEG3D. This means, that these interactions have a clear impact on the near surface temperature and the precipitation sum in the Sahel region, and using VEG3D reduces the temperature and precipitation bias substantially (Figure 3) . The higher near surface temperature in the CCLM-VEG3D simulation in the middle of the year leads to a reduction of the surface pressure in the Central Sahel region, causing the development of a stronger heat-low in this area, which also expands farther to the south than in the CCLM-TERRA-ML simulation. This effect is strongest in September (Figure 4 ) and it has further physical impacts, which are exemplarily described for September in the following paragraph.
Due to the more intense heat-low over the Central Sahel, the warm air mass over North Africa is extended southward in the CCLM-VEG3D simulation (Figure 4) . To highlight this southward shift, in Figure 4 (b) the 299 K isothermes of both simulations are drawn additionally. It can be seen that the 299 K isotherme in CCLM-VEG3D (solid white line) is located farther south than in CCLM-TERRA-ML (dotted black line). Thus, the boundary between the warm air mass over the Sahara and the cooler air mass over the tropical atlantic ocean, at which the AEJ is formed, is also shifted to the south, with the consequence, that the jet is located farther south than in the CCLM-TERRA-ML simulation. This behaviour is demonstrated in Figure 5 . It shows, for both simulations and the ERA-Interim Reanalysis, the 95-Percentile of the zonal wind component in 600 hPa, representing the mean position of the AEJ. In CCLM-TERRA-ML the core of the AEJ is situated north of 15°N (center latitude of CS), but in CCLM-VEG3D it is shifted to the south and the latitudinal AEJ position in the CCLM-VEG3D simulation is similar to its position derived from the ERA-Interim reanalysis, which is also located south of 15°N.
Because of this southward displacement of the AEJ in the CCLM-VEG3D simulation, the AEWs develop in a more southerly location as well, and move on more southerly tracks over the Sahel region. According to this MCSs, developing in the troughs of these waves, are also formed farther south. To track the position of these MCSs, the locations of the daily rainfall maxima in West Africa are detected in both simulations and compared to each other. In Figure 6 the tracks of MCSs developed in September 1979, are illustrated. The MCS tracks for CCLM-VEG3D are drawn in blue and for CCLM-TERRA-ML in red. The southward shifted MCS positions are clearly visible in the CCLM-VEG3D results.
Since precipitation is closely related to the occurance of MCSs, the southward shift of such systems in CCLM-VEG3D lead to less rainfall in the northern parts of the Central Sahel and to more in the southern parts (Figure 7) . Figure 7 shows the difference in monthly precipitation sums between the CCLM-TERRA-ML and the CCLM-VEG3D simulations. Reddish colours represent positive differences, indicating that the CCLM-TERRA-ML simulation produces more rainfall in the northern areas. Blue colours, depicting negative differences, occur mostly in the southern areas in which the precipitation of the CCLM-VEG3D simulation is stronger. Due to the southward displacement of simulated rainfall in the CCLM-VEG3D simulation compared to the CCLM-TERRA-ML run, less rainfall is produced in the Central Sahel region with the consequence that CCLM-VEG3D matches much better to the observations (Figure 3 (b) ). The whole chain of physical processes described above reveals that the interactions between soil, vegetation and atmosphere considerably affect the spatial distribution of rainfall in the Sahel region, and that they must be modeled as realistic as possible.
Results for the decadal run
In a second step, ERA-Interim driven CCLM simulations were performed over decade 2001-2010 using the same model setup as for the sensitivity study described in Section 3. Figure 8 shows the spatially averaged annual cycle of the 2 m temperature (a) and the precipitation sums (b) for the Central Sahel, simulated with CCLM-VEG3D (red curve) and CCLM-TERRA-ML (blue curve). Again UDEL is used for the comparison with observations. The results show the same characteristics as for the one year run for 1979. In the middle of the year higher 2 m temperatures are simulated in the CCLM-VEG3D run (about 1 K higher), and they agree well with observations (Figure 8 (a) ). Furthermore, the observed general wet bias is reduced in the CCLM-VEG3D simulation (Figure 8 (b) ), discussed later in this section. These characteristics can be observed in each single year of the decade 2001-2010 (not shown). Thus, also on the decadal timescale the soilvegetation-atmosphere interactions have an impact on the near surface temperatures and the precipitation sums in the Central Sahel. And, consequently, the chain of processes takes place in a similar manner as described in Section 3. The resulting southward displacement of the MCS tracks in CCLM-VEG3D over the decade [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] is shown in Figure 9 . The tracks are represented by the latitudinal location of the daily rainfall maxima in all September months of the decade, summarized in boxplots. The thick black line indicates the mean position of the daily rainfall maxima in West Africa and the grey box comprises the 25-and the 75-Percentile. The whole spread of occurring positions is defined by the thin black lines. During the decade 2001-2010 the mean latitude of the daily rainfall maxima in CCLM-VEG3D is 11.7°N, in contrast to 12.5°N in the CCLM-TERRA-ML simulation. But not only the mean position in CCLM-VEG3D is shifted to the south, also the majority of the MCS tracks have a more southerly location, indicated by the grey box.
The averaged southward shift of the main area of rainfall compared to the CCLM-TERRA-ML run is highlighted in Figure 10 . This deviating spatial rainfall distribution of the CCLM-VEG3D simulation reduces the bias of the monthly precipitation sum in September over the whole decade in contrast to the CCLM-TERRA-ML run, as it can be seen in Figure 11 . It shows a skill score based on a relation between the mean squared error of the CCLM-VEG3D run and the mean squared error of the CCLM-TERRA-ML simulation, according to the following equation:
VEG3D stands for the monthly precipitation sums in September over the decade 2001-2010 in the CCLM-VEG3D simulation, TERRA for the ones in the CCLM-TERRA-ML run. OBS denotes the observed rainfall amounts from the UDEL dataset for the same months. According to this equation, a positive skill score is achieved if the mean squared error of CCLM-VEG3D is lower than the one of CCLM-TERRA-ML. A higher deviation to the observations creates a negative skill score. Consequently, the reddish colours, representing positive skill score, indicate the areas where CCLM-VEG3D has an added value concerning the representation of the rainfall amounts, averaged over all September months in the decade 2001-2010. The blue colours indicate the re- gions where CCLM-VEG3D has no added value. It can clearly be seen that the positive skill score dominate over West Africa and in the Sahel region. In about 68 % of all grid cells in this area CCLM-VEG3D has an added value. In 32 % it is as good as CCLM-TERRA-ML or has no added value. Thus, it can be stated that the interactions between soil, vegetation and atmosphere affect the spatial distribution of rainfall in the Sahel region also on the decadal timescale, and a more complex representation of these interactions within RCM simulations predominantly improves the simulated spatial rainfall distribution in West Africa. This effect is also reflected in the improved spatially averaged annual cycle of the precipitation sums for the Central Sahel (Figure 8 (b) ).
Discussion and conclusions
In this study two different SVATs, namely TERRA-ML and VEG3D, have been coupled to the regional climate model CCLM, and simulations have been performed to investigate the influence of the soil-vegetationatmosphere interactions on the West African Monsoon system. In a sensitivity study for the year 1979 the differences in simulation results, due to the application of the two different SVATs, were analyzed, to identify relevant processes between the surface and the atmosphere, affecting the monsoon characteristics. Subsequently, these findings were validated on a decadal timescale by performing ERA-Interim driven simulation runs from [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] . Analyses revealed that the soilvegetation-atmosphere interactions considerably affect the spatial distribution of rainfall in the Sahel region. The spatial differences in precipitation are triggered by differences in the structural design of the SVATs leading to warmer near surface temperatures in CCLM-VEG3D for the Central Sahel. Using the more complex SVAT VEG3D instead of TERRA-ML reduces the mean squared error of the monthly precipitation sums in West Africa substantially.
Comparing the results of CCLM-VEG3D and CCLM-TERRA-ML runs it could be shown that during the Sahelian rainy season between June and October higher near surface temperatures are simulated in the CCLM-VEG3D run. As a consequence the Saharian heat-low reaches farther south in the Sahel region, shifting the baroclinic zone in which the AEJ is formed to the south as well. This results in a southward displacement of the average AEJ position in the CCLM-VEG3D simulation. Thus, MCSs developing in connection with the AEJ during the monsoon season, move on southerly tracks through the Sahel region, producing less precipitation in the Central Sahel. This reduction in rainfall amount in the CCLM-VEG3D run matches much better to observations.
The CCLM experiments, which have been performed, differ only in the used SVATs. Therefore, deviations in simulation results must be caused by differences in the SVATs. One possible explanation for different simulation results is the consideration of a vegetation layer in VEG3D, which is missing completely in the structural design of TERRA-ML. This vegetation layer changes the treatment of radiation fluxes in CCLM-VEG3D. Wherever vegetation exists, the incoming short-wave radiation at the surface is decreased due to shading by the vegetation, resulting in a lower heating of the soil. At the same time, the vegetation layer prevents a too strong cooling of the soil, by emitting long-wave radiation back to the ground depending on the temperature at the vegetation canopy. These physical mechanisms induced by the vegetation layer also affect the annual cycle of temperature and might be the reason for the reduced temperature amplitude in the CCLM-VEG3D simulation compared to the CCLM-TERRA-ML run.
Other possible reasons for the deviating temperatures are differences in the soil albedo that may change the characteristics of the Saharian heat low as described by Kothe et al. (2014) , and the different parameterizations of the soil heat conductivity between both SVATs. In VEG3D the heat conductivity depends on the amount of soil water, in the used TERRA-ML version this dependency is not taken into account. The potential of such a soil moisture dependent heat conductivity to affect the diurnal temperature cycle in West Africa is shown by Schulz et al. (2016) , by including the approach of Johansen (1977) into a more recent version of TERRA-ML. Since we were aware of this differences, an additional CCLM-TERRA-ML run with an implemented approach of Johansen (1977) was performed, investigating its impact on the simulation results. The experiment revealed that the impact on the simulation results is small and lower as could be expected from Schulz et al. (2016) . During summer, the temperature bias in CCLM-TERRA-ML was even increased when using the new TERRA-ML version. Thus, we consider the implemented vegetation layer in VEG3D as main factor for the temperature differences between CCLM-VEG3D and CCLM-TERRA-ML.
As a result of the structural differences between both SVATs, the near surface temperature in the Central Sahel, resulting from the CCLM-VEG3D simulation, is up to 1 K higher during the rainy season. These temperature differences between both experiments then affect, due to the chain of atmospheric processes described in Section 3, the spatial distribution of rainfall in the Sahel region.
The results of this study show that the soil-vegetationatmosphere interactions may considerably influence the dynamics of the WAM. Thus, this study confirms the results of prior studies, and highlight the importance of the soil-vegetation-atmosphere interactions for the WAM development. For example in Steiner et al. (2009) a very similar process is described, whereby the use of a more sophisticated SVAT in RCM simulations reduced the meridional temperature gradient over Africa, shifting the AEJ to the south and improving the simulated precipitation for the Sahel region. Comparable results were found by Xue and Shukla (1996) and Patricola and Cook (2008) . Thus, the results of this study can smoothly be integrated into the existing concept of WAM dynamics. Additionally, they extend the knowledge about regional simulation of rainfall in the Sahel, by highlighting the important role of a more complex description of vegetation in the structural design of SVATs. In consequence, it can be concluded that reliable predictions about the spatial variability of monsoon rainfall in the Sahel region can only be made if the interactions between soil, vegetation and atmosphere are captured reasonably within a RCM by a SVAT that describes the soilvegetation-atmosphere interactions more realistically.
